Non-standard templates for non-standard populations: optimizing template selection for voxel-based morphometry pre-processing by Kumar, Shweta Sharat
Boston University
OpenBU http://open.bu.edu















NON-STANDARD TEMPLATES FOR NON-STANDARD POPULATIONS: 





SHWETA SHARAT KUMAR 
 
 





Submitted in partial fulfillment of the  
requirements for the degree of 








First Reader _______________________________________________________ 
  
Ronald J Killiany, Ph.D. 





Second Reader  ______________________________________________________ 
 
Nicolas R Bolo, Ph.D. 
Instructor in Psychiatry 
Harvard Medical School 
 
	   iii 
Acknowledgements 
  I would like to express my gratitude for those who have supported me 
throughout this endeavor: 
I am extremely grateful to Dr. Nicolas Bolo and Dr. Ronald Killiany for 
their teaching and guidance. Their unparalleled expertise in neuroimaging and 
willingness to listen and troubleshoot played a large part in the success of this 
project.  
I would also like to thank Dr. Hernan Jara for spending countless hours 
listening to me devise and execute my thesis project. This work would not have 
been possible if not for his infinite patience, insistence on concrete definitions, 
and enthusiasm for the field of imaging.  
Additionally, I wish to thank Dr. Matcheri Keshavan for his guidance and 
for generously allowing me to utilize the scans from the Pittsburgh Risk 
Evaluation study and the resources of his imaging laboratory for this endeavor. 
Finally, I am indebted to my colleagues at the Keshavan Lab, my family, 
and my friends, for their help and encouragement throughout this program. 
   
  
	   iv 
NON-STANDARD TEMPLATES FOR NON-STANDARD POPULATIONS: 
OPTIMIZING TEMPLATE SELECTION FOR VOXEL-BASED 
MORPHOMETRY PRE-PROCESSING 
 
SHWETA SHARAT KUMAR 
Boston University School of Medicine, 2013 




The human brain is a complex and powerful organ, directing every aspect 
of life from somatosensory and motor function to visceral responses to higher 
order cognition. Neurological and psychiatric disorders often disrupt normal 
functioning. While the clinical symptoms of such disorders are known, their 
biological underpinnings are not as clearly characterized. Structural 
neuroimaging is a powerful, non-invasive tool that can play a critical role in 
finding biomarkers of these illnesses. 
Currently, variations in pre-processing techniques yield inconsistent and 
conflicting results. As neuroimaging is a nascent branch of medical research, 
gold standards in imaging methodologies have not yet been established. 
Quantitatively validating and optimizing the way these images are pre-
processed is the first step towards standardization. 
	   v 
Voxel-based morphometry (VBM) is one technique that is commonly used 
to compare whole-brain structural differences between groups. Statistical tests 
are used to compare intensities of voxels throughout all brain scans in each 
group. In order to ensure that comparable voxels are being tested, the images 
must be fitted into a common space, which is done through image pre-
processing.  Spatial normalization to templates is an early pre-processing step 
that is executed unreliably as many options for both templates and normalization 
algorithms exist. To determine the effect variations in template usage may cause, 
we utilized a VBM approach to detect simulated lesions. Template performance 
was analyzed by comparing the accuracy with which the lesion was detected.  
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Background 
 
Normal and Abnormal Development of the Human Brain 
The human brain is made up of neurons, cells that transmit electrical 
impulses carrying information to and from the body. Brain tissue is generally 
classified as grey matter, white matter, cerebrospinal fluid, and bone in the 
context of imaging. Grey matter (GM) is primarily made up of the soma of the 
neurons while the myelin sheathed axonal fibers make up white matter (WM) 
(Breedlove et al., 2007).  
 
Figure 1: A T1-weighted MRI segmented into grey matter, white matter, and CSF 
 
Grey and white matter volumes change throughout a lifetime. Total brain 
volume rapidly increases in early childhood due to the growth of synaptic 
connections and myelination of axons. In fact, in the first year alone, grey matter 
volume increases by 149 percent while white matter increases by 11 percent 
(Knickmeyer et al., 2008). While white matter increases uniformly throughout the 
brain during these formative years, grey matter increases in select locations. 
During adolescence, cortical volume is known to decrease as a result of neuronal 
pruning, the death and reorganization of neurons and their synapses for the sake 
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of improved efficiency (Raznahan et al., 2011; Shaw et al., 2008). This is especially 
predominant in the prefrontal cortex and reflected by improvement in reasoning 
and logical thinking during this developmental period (Blakemore & 
Choudhury, 2006).  
As the healthy brain ages, white matter deteriorates and grey matter 
atrophies, contributing to overall decreases in total brain volume. White matter 
integrity decreases along an anterior to posterior gradient, and is therefore 
observed in the prefrontal cortex, anterior callosum, and anterior parietal areas. 
The presence of white matter hyperintensities also increases with age 
(Damoiseaux et al., 2009; Salat et al., 2009). Grey matter shrinks in frontal, 
parietal, temporal, and insular areas but is preserved in the entorhinal cortex. 
Conflicting observations of grey matter change in the hippocampus have been 
reported, with some studies showing hippocampal grey matter reduction and 
some showing preservation of volume (Good et al., 2001; Raji et al., 2012). These 
findings are consistent with decreased cognitive ability in the dimensions of 
working memory and attention found in normal aging populations. 
Neurological and psychiatric disorders are often characterized by aberrant 
development of grey and white matter. This can take the form of global or local 
grey matter volume changes or unusual decreases in white matter integrity 
(Jones, 2001). Understanding the abnormal changes in populations suffering 
from these disorders has great implications for future research and therapeutic 
development. Schizophrenia is a psychiatric disorder that presents with 
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disorganized thought, bizarre delusions, and hallucinations. Studies of 
schizophrenia patients have shown global volume reductions and specific local 
grey matter reductions in the orbital and dorsolateral regions of the prefrontal 
cortex, superior temporal gyrus, and parietal areas compared to healthy adults 
(Gur et al., 2000; Thompson et al., 2001). Attentional deficits and impulsivity are 
the hallmarks of Attention Deficit Hyperactivity Disorder (ADHD). Children 
with ADHD who are naïve to pharmaceutical treatments show grey matter 
volume reductions in the globus pallidus and putamen. Adults with ADHD also 
show bilateral reduction in the anterior cingulate cortex, a brain region 
associated with cognitive control (Frodl & Skokauskas, 2012).  Individuals with 
Obsessive-Compulsive Disorder (OCD) suffer from persistent, anxious thoughts 
and engage in ritualistic behaviors to quell their anxiety. Studies have shown 
volumetric decreases in dorsolateral prefrontal cortex, anterior cingulate cortex, 
and supplementary motor areas in adults with OCD (Peng et al., 2012). 
Alzheimer’s disease is characterized by dementia and memory loss. Unlike 
healthy aging individuals, those suffering from Alzheimer’s Disease show more 
significant prefrontal and hippocampal atrophy as well as marked decreases in 
white matter integrity in these areas (Damoiseaux et al., 2009; Salat et al., 2009). 
As the hippocampus is associated with memory, it is inferred that atrophy in this 
region is implicated the memory impairment that is the hallmark of this disorder. 
Autism spectrum disorders are neuropsychiatric conditions associated with a 
range of social cognition deficits.  Those with autism show dramatic volumetric 
increases of the frontal and temporal lobes and the amygdala during childhood 
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and abnormal thinning of cortical regions during later adolescence and 
adulthood (Nickl-Jockschat et al., 2012). 
What is the utility of such findings? Understanding the neurobiological 
abnormalities that underlie clinical symptoms is the first step towards creating 
more effective interventions, finding better pharmaceutical targets, and tracking 
disease trajectories and outcomes (Borgwardt & Fusar-Poli, 2012). Before 
translational imaging can become a real goal however, the issue of imprecise 
findings must be resolved. Those reported above are consistent across studies. 
However, variations in subject selection, image acquisition, and image 
processing can lead to inconsistent results. Standardizing imaging methods 
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Principles of Magnetic Resonance Imaging and Image Acquisition 
Magnetic resonance imaging (MRI) is often used to examine normal and 
aberrant grey and white matter structure and development. CT is a faster and 
less costly modality, preferred for emergent situations, and more sensitive in 
detecting pathologies such as hemorrhages. MRI is the preferred imaging 
modality for studying non-enhancing disease processes in the brain. An 
understanding of the physical properties of MRI and anatomical properties is 
critical to harnessing the power of nuclear magnetic resonance for optimal image 
quality.  
An MRI scanner uses strong magnetic fields, radiofrequency pulses, and 
the physical properties of tissue to create representations of anatomy. The 
application of a strong external magnetic field (!0) results in the body’s 
hydrogen (H) nuclei aligning with the field. The majority of nuclei (low energy) 
align parallel to the field while some (high energy nuclei) align antiparallel to it. 
The difference between the parallel and antiparallel nuclei is the net 
magnetization vector (NMV), which has two critical components: longitudinal 
magnetization and transverse magnetization. As the field strength (measured in 
Tesla (T)) is increased, the energy level between the parallel and antiparallel 
nuclei increases as well, resulting in a stronger signal (Westerbrook , Roth, and 
Talbot, 2011; Bushberg et. al., 2011).  
Each H nucleus spins on a primary axis but the presence of !0 causes a 
secondary spin of the magnetic moment known as precession. The H nucleus 
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and NMV precess about the !0 at a frequency referred to as the Larmor 
frequency. This value (measured in megahertz (MHz)) is the product of the 
magnetic field strength and nucleus’ gyromagnetic ratio and is measured in 
megahertz (MHz).   
A radiofrequency (RF) pulse at the Larmor frequency must then be 
applied, causing resonance of the H nuclei. This forces the NMV to move out of 
alignment, away from !0, at an angle referred to as the flip angle (FA). 
Resonance results in the NMV’s precession in phase in the transverse plane.  
Voltage will be induced in a receiver coil that is placed in the area of a moving 
magnetic field. This is known as the MR signal. When the RF pulse is switched 
off, the NMV once again attempts to align with !0. In order for this to happen, it 
must undergo relaxation. During relaxation, the NMV in the transverse plane 
decays and the NMV in the longitudinal plane recovers.  The former is referred 
to as T2 decay and the latter is T1 recovery.  
 
Figure 2: A standard pulse sequence diagram. Figure downloaded from the 
Laboratory for Probabilistic Machine Learning, École Polytechnique Fédérale de 
Lausanne 
	   7	  
 
A pulse sequence consists of a series of RF pulses, signal collection, and 
relaxation. The time between each RF pulse is the repetition time (TR), which 
determines the amount of T1 relaxation that is allowed to occur. The echo time 
(TE) is the period between the application of the RF pulse and the peak of the 
signal induced in the coil. This period of time determines the amount of T2 decay 
allowed and thus controls T2 weighting in an image. 
A tissue’s signal is dependent on its dominant magnetization type. This 
property is demonstrated by its brightness or darkness in the MRI. Tissues with 
large transverse magnetization components have high signals and appear bright 
in images while tissues with small transverse magnetization components have 
low signals and appear dark. The molecular makeup of water ensures that its H 
nuclei are more susceptible to the effects of !0 than the H nuclei of fat. This 
results in the former having a higher Larmor frequency than the latter.  H nuclei 
in water therefore lose transverse magnetization and recover more quickly than 
H nuclei in fat.  
Image acquisition can be enhanced by taking advantage of the inherent 
physical properties of the tissue being studied. Contrasts that highlight the 
anatomy in question can be used to view it more easily. The most common 
weightings in medical imaging are founded on T1 and T2 characteristics. Timing 
(of TR and TE) can be varied to produce differently weighted images. The larger 
longitudinal and transverse magnetization of fat makes it appear bright on T1-
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weighted images whereas water appears darker. The high T2 constant of water 
and its resulting high T2 signal makes it appear bright on T2-weighted images. 
Fat appears darker because it has a shorter T2 time than water. Gadolinium-




Figure 3: T1-weighted vs. T2-weighted templates (MNI-152) 
 
Different pulse sequences can be utilized depending on the tissue type or 
pathology of interest. Spin echo pulse sequences using one echo can be used to 
produce T1-weighted images by applying a 90 degree RF excitation pulse 
followed by a 180 degree pulse. Spin echo sequences using two echoes can be 
used to produce T2 and proton density weighted images. Gradient echo pulse 
sequences are require shorter scan times than spin echo sequences but are more 
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susceptible to field inhomogeneities. Echo planar image (EPI) acquisition is an 
incredibly fast technique that allows all the image information to be acquired in 
one TR. This is frequently used in imaging modalities (such as functional MRI) 
for which high temporal resolution is needed.  
MR data are stored in k-space, a two-dimensional matrix filled with half 
positive and half negative spatial frequency values. The center of this matrix is 
the origin and k-space filling begins at this point. There are many trajectories 
with which to fill the matrix with data. A fast Fourier transform (FFT) is then 
used to transform k-space into image space.   
The primary determinants of image quality are the signal to noise ratio 
(SNR), contrast to noise ratio (CNR), and spatial resolution. SNR can be 
improved by using spin echo sequences, obtaining thick slices, and using a large 
field of view (FOV). Spatial resolution is dependent on FOV, gradient field 
strengths, and receiver coil characteristics. The basic element of an MR image is a 
voxel, or a volumetric pixel, whose size is determined by FOV, pixel size, and 
slice thickness. Reducing voxel size and thereby increasing the overall number of 
voxels improves spatial resolution. This also reduces the likelihood of partial 
voluming, which can negatively impact the accuracy of segmentation during 
image processing.  
Care must be taken during image acquisition to avoid the creation of 
artifacts, elements present in the image that are not part of the imaged anatomy. 
Artifacts can lead to confounds in diagnosis and image processing. They can be 
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caused by the scanner, the patient, or incorrect processing procedures. Field 
inhomogeneities create distortions in the image and can be prevented by 
shimming. Motion of the patient within the scanner can lead to motion artifacts. 
Reducing scan time minimizes the likelihood that the subject will move in the 
scanner and can contribute to a marked improvement in image quality. 
Respiratory and cardiac gating can be used to coordinate image acquisition 
around unavoidable body movement in order to minimize motion artifacts. Any 
metal worn by the patient can cause also distortions in the image.  
MRI procedures do not expose patients or operators to the risk of ionizing 
radiation unlike other imaging modalities. In lower field strength MRIs, there are 
few, if any, risks to patients for whom MRI procedures are not contraindicated. 
These contraindications primarily involve metallic implants. Patients with any 
ferromagnetic or electric implant, including aneurysm clips, cardiac pacemakers, 
pins and screws, should not be examined in MRI scanners. Patients who have 
experience with metal welding should also avoid unnecessary scanning in the 
event that they have metal splinters embedded in the eye. When MRI procedures 
are critical for diagnosis in patients with relative contraindications, risks can be 
reduced with lower field strength MRIs and shorter scan times. Caution should 
be exercised when scanning pregnant women, as long-term effects on developing 
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Image Processing 
Many sophisticated approaches for neuroimaging analysis exist. 
However, the techniques used to find these biomarkers must be consistently 
executed, for the sake of reproducibility and credibility. Deformation-based 
(DBM), tensor-based (TBM), and voxel-based morphometry (VBM) are all 
standard methods used for examining structural differences between groups. All 
three use a whole-brain approach rather than examining only hypothesized 
regions of interest. DBM and TBM both assess changes during spatial 
normalization and use these values to compare structural volumes. VBM uses 
statistical tests to localize differences. VBM is the most extensively used of these 
techniques due to its simple, non-computationally intensive nature (Ashburner & 
Friston, 2001). 
Purists who argue against spatial normalization can study structural 
differences using volume extraction methods. Absolute volumetric 
measurements of grey and white matter can be extracted using automated 
parcellation algorithms (Fischl et al., 2004). Further developments in parcellation 
algorithms have also provided the neuroimaging community with the ability to 
measure and analyze cortical thickness, texture, surface area, and local 
gyrification.  
While several studies have obtained gross volumetric measurements of 
white matter using morphometric and volume extraction approaches, these are 
not the most appropriate method for studying the intricate nature of white 
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matter fiber tracts. Rather than measuring volume, using diffusion tensor 
imaging (DTI) to measure fractional anisotropy (FA) more accurately captures 
the integrity and abnormal degeneration of this tissue. FA is a measure of the 
restricted diffusion of water molecules along axonal pathways (Stebbins & 
Murphy, 2010). Higher FA represents more restricted diffusion of water, which 
would occur in areas of increased myelination, whereas lower FA is observed in 
degenerating white matter where water can diffuse more uniformly. DTI data 
can also be used for fiber tractography, a method for looking at the form and 
connectivity of axonal fiber tracts (Damoiseaux et al., 2009).  
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Introduction 
 
Voxel-based Morphometry Pre-processing 
In order to properly conduct a VBM analysis, T1 images must be pre-
processed in order to ensure that the voxels of individual images are comparable 
despite variance in overall brain size (Ashburner & Friston, 2000). First, images 
undergo an affine transform, or are “coregistered” to the template image. This 
step ensures that the images are roughly aligned with one another prior to 
spatial normalization. 
Next, individual scans are spatially normalized to a template. Ashburner 
and Friston warn against methods of normalization that attempt to exactly match 
every cortical feature. Rather, this step should only strive to correct for global 
shape differences (Ashburner & Friston, 2000). If the brains were perfectly fitted 
to one another, then no differences could be detected between groups. One 
concern in particular is the use of templates in normalizing subject brains into the 
same stereotaxic space. Using an inappropriate template can impact the accuracy 
and sensitivity of the analysis by warping the brain more than necessary. 
Once images are normalized to a template, they are then segmented 
according to tissue type. Tissue probability maps are used to designate voxels as 
grey matter, white matter, and cerebrospinal fluid (CSF) based on voxel 
intensity. Tissue probability priors are created by segmenting templates. Those 
for standard templates, such as the MNI-152, are often available in image 
processing software packages (Ashburner, 2010). Using this approach to 
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segmentation can be problematic if the image contrast makes it difficult to 
distinguish tissue types. Non-essential elements, such as bone, dura, and air, are 
removed from the image during segmentation. In other workflows, “skull 
stripping”, or the removal of the skull and dura from the image, is done prior to 
spatial normalization.  
Finally the segmented images are smoothed, or convolved using an 
isotropic Gaussian kernel. When a smoothing filter is applied, each voxel’s 
intensity is averaged with those of its neighboring voxels. This minimizes 
instances of noise and also ensures that the data is more normally distributed, 
allowing for parametric statistical tests in the analysis phase. The size of the 
Gaussian kernel can be chosen based on the region of interest and sample size. 
Smaller sample sizes may benefit from larger smoothing kernels. Ashburner and 
Friston recommend using a smoothing kernel comparable in size to the expected 
regional differences (Ashburner & Friston, 2000). Larger areas in the prefrontal 
cortex benefit from larger smoothing kernels whereas structures like the 
amygdala are better studied using a smaller kernel (Ashburner et al., 2004). 
Ignoring these recommendations and choosing a kernel size at random or to 
enhance one’s results is a major pitfall of user-defined kernel selection. As the 
size of the smoothing kernel is increased, the extent of the findings will generally 
also increase (Henley et al., 2010).  
There exists in the literature a variety of ways in which to perform each 
step and in which order the steps ought to be performed. The traditional stream 
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involves coregistering the brains to the T1 template, followed by spatial 
normalization, segmentation, modulation, and smoothing (Ashburner & Friston, 
2000). The optimized VBM approach, as described by Good and colleagues, 
recommends creating separate grey and white matter templates, and then 
segmenting by and normalizing to these separate tissue types (Good et al., 2001). 
More ambitious groups recommend processing streams that include multiple 
warp applications and segmentations (Asami et al., 2012; Chételat et al., 2005).  
Variations in pre-processing these images impact findings, resulting in 
conflicts in neuroimaging literature. For example, several studies on diseased 
populations may report grey matter reductions in certain areas while others 
report increases in the same structures. Studies of temporal lobe epilepsy once 
failed to reach a consensus on the laterality of extrahippocampal temporal lobe 
reductions. This incogruity, which stemmed from variations in pre-processing, 
was tested by comparing results of optimized and standard VBM processing 
streams. It was determined that differences in spatial normalization methods 
yielded different results (Keller et. al., 2004). This is rampant across studies of 
neuropsychiatric disorders. Some studies of autistic adults report cortical grey 
matter enlargement while others find no abnormal cortical changes (Nickl-
Jockschat et al., 2012). Similarly, some studies of the hippocampus find 
reductions in old age while others find hippocampal volumes relatively well-
preserved (Good et al., 2001; Raji et al., 2012).  
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Templates 
Templates have two primary purposes. Template label data can be used to 
inform structural boundaries when the appearances of those boundaries are not 
sufficient to make these distinctions. The boundary between the amygdala and 
hippocampal regions is one example where the aid of a template map is needed 
to distinguish between structures (Klein et al., 2009). Templates are also used to 
fit populations to a common coordinate system in order to accurately compare 
homologous structures while maintaining individual differences (Shen, 
Szameitat, & Sterr, 2007).  
Different templates can be selected depending on the population being 
studied. The ideal template for VBM is described as the average of a large 
number of images with a high resolution, in order to reduce partial volume 
effects (Ashburner & Friston, 2000).  Standard templates exist for healthy adult, 
child, and infant populations. Templates comprised of scans from the study can 
also be created and used.  
Standardized templates have many inherent advantages. They are 
generally constructed using a large number of scans and therefore incorporate a 
great deal of variance. Study-specific templates have their own plusses. While 
the contrasts of acquired scans may differ from that of a standard template, 
creating a template from acquired scans sidesteps this issue. The subject 
population under investigation may differ demographically from that of the 
standard template (Good et al., 2001). Lifetime changes in brain size and shape 
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are sometimes ignored in template selection. For non-standard populations, such 
as adolescents or adults with pathologies that significantly alter brain volume, 
standard templates are sometimes used. Normalizing brains to these templates 
could dampen some findings or exaggerate others.  Each scanner also introduces 
specific inhomogeneities in the !0 field that will not be accounted for by a 
standard template. Study-specific templates also allow more customization in 






Figure 4: Smoothed MNI-152 template 
provided by the SPM8 software package 
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 Even a cursory review of VBM studies yields countless variations in 
template selection. Both standard or custom templates are be used. The Talairach 
atlas and the MNI-152 template are among the most widely used standard 
templates. The former however has fallen out of use amidst criticism that it was 
not representative of the general population. As the Talairach was based on the 
brain of one elderly woman suffering from alcoholism, the MNI-152 template 
constructed from 152 adult brains was considered superior. While this is a 
widely used template, it is not always considered appropriate for use in studies 
of children or special populations. These critics argue that templates created 
specifically for these populations should be used instead (Rohlfing, Sullivan, & 
Pfefferbaum, 2012). Others insist that the MNI template can be used for all 
studies as it has a fairly large amount of variance built in. For pediatric 
populations, the CCHMC2 has proved useful (Shashi et al., 2010). This template 
(from the Children’s Hospital, Cincinnati OH) is made of 148 healthy children, 
ranging from ages five to eighteen.  
Study-specific templates are sometimes used when studying populations 
that differ significantly from the norm. For instance, few research studies involve 
infants so standard templates for this population are not be readily available. 
Thus, it may be preferable to create a study-specific template for this particular 
endeavor (Padilla et al., 2011).  Proponents of the study-specific option are 
divided on the issue of template make-up. Whether the template should be 
created using only controls, controls and cases, all subjects, a subset of subjects, a 
large homogeneous group of subjects, or a small heterogeneous group of subjects 
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is widely varied. A seminal study by Good and colleagues, touting the 
advantages of the optimized VBM approach, uses separate study-specific 
templates for grey and white matter (Good et al., 2001). These templates were 
created using affine transformations of a subset (120 out of 400) of the overall 
sample of healthy aging participants. Affine transformations were commonly 
used in early VBM studies but are falling into disuse as more sensitive methods 
are being developed.  The MNI-152 template is constructed using an affine 
transform, a linear transformation along twelve parameters. This may not afford 
the same sensitivity as diffeomorphic approaches like the SyN or DARTEL warps 
(Klein et al., 2009). More recent versions of the SPM VBM toolkit include the 
Diffeomorphic Anatomical Registration Through Exponentiated Linear Algebra 
(DARTEL) template creation tool, which uses non-linear transformations and 
flow fields to create a study-specific template. DARTEL and SyN,(from the 
Advanced Normalization Tools package) among other diffeomorphic methods, 
are considered to be among the more sensitive registration and normalization 
methods (Klein et al., 2009).  
Adolescent populations are frequently studied, especially when 
researching early stages of neuropsychiatric disorders, as this is a critical 
window for the onset of many of them. While the mean ages in many of these 
studies are in the mid-teens, researchers frequently use the MNI-152 template 
(Ahmed, Spottiswoode, Carey, Stein, & Seedat, 2012; Gothelf, Hoeft, Ueno, 
Sugiura, & Lee, 2011; Yuan, Qin, Liu, & Tian, 2011), which is comprised of brains 
that are considerably older (mid- to late-20s) (Rorden et. al., 2012).  A great deal 
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of growth and change happens between adolescence and adulthood so it is 
possible that adolescent brain studies may benefit from custom templates. If 
scans are warped too much during spatial normalization for the sake of fitting 
the larger MNI template, the effects being investigated may be dampened or 










The images used in this study were collected at the University of 
Pittsburgh Medical Center as part of the Pittsburgh Risk Evaluation Program 
(Pittsburgh, PA), a study designed to examine familial high risk in 
schizophrenia. Only the scans of healthy control participants, adolescents with 
no personal or family history of any Axis I psychiatric disorders were used in 
this analysis.  
 
Table 1: Participant Demographics 
 
  Mean Age (SD) Count 
Control 
Total 16.73 (3.45) 24 
Male 16.71 (3.19) 10 
Female 16.76 (3.89) 14 
Lesioned 
Total 17.28 (3.53) 24 
Male 16.21 (4.08) 10 




MRI scans were obtained using a 1.5-T Signa Whole Body Scanner (GE 
Medical Systems, Milwaukee). Image quality and patient head position were 
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determined with a sagittal scout series. The T1 images used in this analysis were 
acquired with a three-dimensional spoiled gradient recalled acquisition in the 
steady state pulse sequence that obtained 124 1.5-mm thick contiguous coronal 
images (TE=5 ms, TR=25 ms, acquisition matrix=256 × 192, field of view=24 cm, 
flip angle=40°). In order to facilitate image orientation, coronal slices were 
obtained perpendicular to the anterior commissure-posterior commissure line.  
 
Study Design 
The objective of this endeavor was to optimize pre-processing for VBM by 
investigating which template composition will maximize sensitivity. Shen and 
colleagues proposed a method of detecting simulated atrophies in healthy adult 
brains as a way of measuring the accuracy yielded by using the MNI-152 
template and that of affine-transformed custom templates (Shen et al., 2007). A 
modified approach was used in this investigation of template sensitivity in 
adolescent brains.   
VBM was used to detect simulated lesions in order to observe the 
sensitivity offered by standard and customized templates. T1- weighted 1.5T 
images of healthy adolescents were obtained and randomly assigned to one of 
two groups: “cases” or “controls.” Group assignment was randomly generated 
but groups were matched for age and gender. Simulated grey matter atrophies 
were placed in scans designated as “cases” whereas “control” scans were left as 
is. Prior to the addition of the lesion, a VBM analysis was conducted comparing 
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control scans and pre-lesioned case scans to ensure that no significant differences 
existed between groups. This step also allowed us to identify Type I errors and 
artifacts should any other differences be observed in the analysis.  
Once simulated atrophies were placed in the case brains, all scans were pre-
processed through an automated pre-processing workflow created using python 
and Nipype. Each pre-processing stream used a different template (see Table 2) 
but the same normalization, segmentation, and smoothing algorithms and 
parameters. Contrasts were then made (in SPM8) and voxel-wise two sample t-
tests were used to compare case and control brains.   
 
Table 2: Template Compositions 
 







152 adult control scans 
 
Template 2 Study specific - All scans 
(cases and controls) 
 
24 case scans, 24 control scans 
Template 3 Study specific - Some 
scans (cases and 
controls) 
 
12 case scans, 12 control scans 
Template 4 Study specific - All 
control scans 
 
24 control scans 
Template 5 Study specific - Some 
control scans 
12 control scans 
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Lesion Simulation 
Lesions mimicking natural grey matter reductions observed in 
neuropsychiatric disorders were positioned in the “case” brains. The role of 
prefrontal cortex abnormalities in neuropsychiatric disorders made it a logical  
	  
Figure 5: T1-weighted MRI before and after a lesion was added 
	  
choice for the lesion’s location. A python program1 was used to change the voxel 
intensity of grey matter voxels within a sphere at specified coordinates with a 
specified radius. Traversing the array of voxel intensities, all elements within the 
designated sphere were reduced by ten units of intensity or less. The further 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1  Atrophy simulation python code available in Appendix 1 
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away from the center a voxel was located, the less its intensity was reduced. This 
gradation was used for the purpose of rendering a more realistic lesion, as 
natural atrophies are not represented by uniform decreases in image intensity. In 
order to ensure that only the grey matter was “reduced,” voxels with intensities 
above a threshold matching that of white matter were not altered. The planning 
of the lesion size and location allowed simple and accurate verification of lesion 
detection in the analysis. 
 Image Processing 
Prior to group assignment and lesion application, all images were 
manually reoriented and coregistered to the MNI-152 template using SPM8. This 
step ensured that all images were in a common coordinate system and attempted 
to minimize misregistration and errors in spatial normalization.  Images were 
pre-processed using an automated workflow2, which utilized Nipype in order to 
incorporate multiple software packages. This approach allowed us to take 
advantage of the best features each package had to offer, template creation and 
normalization in Advanced Normalization Tools (ANTs), and segmentation and 
smoothing in Statistical Parametric Mapping 8 (SPM8). 
 Study specific templates were created using an iterative energy 
minimization approach with the ANTs software package. Other template 
creation programs, such as Template-o-Matic, are more commonly used options 
but use less robust template creation algorithms. In each trial, scans were 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2  VBM Workflow python code available in Appendix 2	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spatially normalized to one of the templates (in Table 2) using a SyN transform 
in ANTs. As discussed before, the SyN transform’s diffeomorphic approach to 
spatial normalization is considered one of the more sensitive warping methods 
((Klein et al., 2009). These templates were segmented and used as tissue 
probability priors in the segmentation step, which was done in SPM8. The 
images were then segmented using these tissue priors and images of grey matter, 
white matter, and CSF were created. As we were specifically interested in grey 
matter changes, the grey matter images were smoothed using a 10x10x10 mm 
Gaussian kernel while the white matter and CSF images were discarded.  
 
Figure 6: VBM pre-processing workflow	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Results 
 
Table 3: Areas of decreased grey matter concentration in cases opposed to 
controls 
Template Coordinates P (Uncorrected) 
No lesion - - 
Template 1 (MNI) -15, 32, 52* 
42, 52, 6 
0.000 
0.000 
Template 2 (48 cases and 
controls) 
9, 17, 48 
-3, -15, -25 




Template 3 (24 cases and 
controls) 
9, 9, 50 
-15, 21, 52* 




Template 4 (24 controls) -7, -14, -27 
-15, 21, 51 




Template 5 (12 controls) 10, -9, -17 
-14, 23, 51* 






 Voxel-wise two sample t-tests were conducted using SPM8 in order to 
compare case and control scans. Contrasts of controls versus cases were used to 
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detect lesions. The cluster size and coordinates of findings determined the 
accuracy of lesion detection.   
After scans were randomly assigned to the case or control conditions, both 
groups were pre-processed without applied lesions in order to ensure that the 
simulated lesions would be the only structural difference between groups. This 
would also allow us to identify type one errors. This baseline trial was 
normalized to the MNI-152 template, segmented, and smoothed according to the 
VBM workflow described earlier. No significant differences were found between 
groups.  
	  
Figure 7:  Decreased grey matter concentration in the 
lesion's position found using the MNI-152 template 
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When contrasting scans that were normalized and pre-processed with 
template one (The MNI-152 template), cases showed reductions in grey matter 
concentration compared to controls in the left prefrontal region. The lesion was 
successfully detected but there was a noticeable lateral shift in the detected 
location of the simulated lesion.  
	  
Figure 8: Detection of lesion and artifacts in scans pre-
processed using template five (twelve controls) 
	  
Using only control brains to construct a study-specific template resulted in 
successful detection of the lesion.  When comparing cases and control scans 
normalized to template five (twelve controls), significant differences were found 
in the location of the simulated lesion. However, reductions in concentration 
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were also found in other areas (see Figure 8). Pre-processing with template four 
(24 controls) yielded the same findings but with slightly stronger effects (see 
Figure 9). 
	  
Figure 9: Lesion detection using template five 
	  
Using templates created with both control and case brains (templates one 
and two) resulted in detection of the lesion but also an additional artifact in the 
right prefrontal area. Grey matter concentration was reduced in the case scans in 
the location of the lesion.  There was a less noticeable lateral shift in the lesion 
location when using the study-specific templates, unlike when using the MNI-
template. There was also a stronger effect when more brains were used for 
template construction (see figures 10 and 11).  
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Figure 10: Lesion detection using template two 
(12 cases and 12 controls) 
	  
Figure 11: Lesion detection using template one 
(24 cases and 24 controls) 
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Discussion 
 
 Pre-processing with all of the tested templates resulted in successful 
detection of a simulated lesion. There were differences however in the strength 
of the detection, the size of the effect, and the appearances of artifacts or type one 
errors. Thus, while we cannot conclusively state that custom templates 
outperformed standard templates, we can confirm that a small variation in image 
pre-processing did in fact produce different findings.  
Additional grey matter concentrations reductions were observed when 
study-specific template were used. These alterations in the case brains were 
observed in the brain stem and left prefrontal area, regions in which no 
differences had been observed prior to lesion addition. Since similar results were 
observed in all template trials, the possibility of type I errors can be ruled out. It 
is more likely that artifacts were created at during pre-processing. This raises 
questions about the use of untested study-specific templates and novel 
processing streams. 
The abnormalities in the brainstem were found when using all four study-
specific templates. The reductions in the left prefrontal area were noticed when 
using templates made with both lesioned and control brains.  Certain pre-
processing steps, including coregistration and smoothing were performed 
similarly across trials. The same normalization algorithm (SyN) was also used. 
The only differences between conditions were the templates used for 
normalization and the tissue priors, created from those templates, used for 
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segmentation. Thus, it can be concluded that any artifacts must have been 
created during normalization or segmentation.  
 The ANTs template was created using a diffeomorphic warp, which was 
touted as a more modern, sensitive approach than the MNI-152 template’s affine 
transform. However, the MNI template allowed for more accurate detection of a 
simulated lesion than some of the ANTs study-specific templates. It also did not 
produce additional artifacts. This could mean that the warp used to create a 
template has less bearing on sensitivity than the variance incorporated into it. 
Further examination of template creation procedures may be needed to better 
understand how to create effective templates. Validating other template creation 
protocols, including Template-o-Matic and DARTEL, might also shed light on 
the strengths and weaknesses of study-specific templates. 
 As registration, normalization, and segmentation algorithms evolve, new 
image processing methods are introduced to the field of neuroimaging. These 
methods are then implemented and the results are published. While progress is 
necessary for advancement of scientific knowledge, there must be a way to 
validate novel processing methods prior to publication and distribution. The 
lesion simulation and detection method demonstrated here is one way to verify 
that results accurately representation alterations in anatomy and not artifacts or 
type I errors.  
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Conclusion 
 
Frequently used methods of image analysis, such as VBM, are often 
conducted inconsistently for a number of reasons, including unfamiliarity with a 
technique, striving for greater sensitivity, or simply for the sake of novelty. 
Minor variations in image processing yield different results, which eventually 
leads to conflicting evidence regarding anatomic and functional correlates of 
normal functioning and disease. In particular, this exercise has demonstrated the 
effects of template selection on VBM sensitivity. The conclusions herein also 
apply to any pre-processing stream that requires spatial normalization, such as 
processing of task fMRI images. Using known landmarks to validate processing 
streams is one way to verify findings and point out inaccurate results that may 
stem from these variations. This will hopefully promote consistency in executing 
this technique, resulting in greater precision and more accurate and reliable 
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Appendix I 
Lesion simulation program 
import math 
import nibabel as nib 
import numpy as np 
import os 
 
lesion_x = 90 
lesion_y = 110 
lesion_z = 100 
radius = 10 
outputfile = 'lesion_001.nii' 
intensity = 10 
 
img = nib.load('withoutlesion_001.nii') 
data = img.get_data() 
for i in range(50,len(data)): 
    for j in range(50,len(data[i])): 
        for k in range(50,len(data[i,j])): 
            dist = math.sqrt((lesion_x - i) ** 2 + (lesion_y - j) ** 2 + (lesion_z - k) **2) 
            if dist < radius: 
                if data[i,j,k] > 25 and data[i,j,k] < 80: 
                    data[i,j,k] = data[i,j,k] - (radius/(dist + 1))*intensity 
 
newnifti = nib.nifti1.Nifti1Image(data,img.get_affine()) 
nib.nifti1.save(newnifti,'lesion_001.nii') 
os.system('mri_convert --out_orientation RAS lesion_001.nii lesion_001.nii') 
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Appendix II 
VBM Pre-processing Workflow 
 
import nipype.interfaces.io as nio 
import nipype.pipeline.engine as pe 
import nipype.interfaces.spm as spm 
import nipype.interfaces.ants as ants 
import nipype.interfaces.utility as niu 
import nipype.interfaces.freesurfer as fs 





dircontents = os.listdir(pathtofiles) 
subjects = [] 




tkpreproc = pe.Workflow(name='tkpreproc') 
tkpreproc.base_dir = '.' 
 
 
# -- ANTS -- 
 
#--gen warp to template-- 
genwarp = pe.Node(interface=ants.GenWarpFields(max_iterations=[1,1,1], 
reference_image='/file/template.nii'), name='genwarp') 
 





gunzip = pe.Node(interface=misc.Gunzip(), name='gunzip') 
 
tkpreproc.connect(genwarp, 'output_file', gunzip, 'in_file') 
 
 
#-- SPM -- 
 
#--segment-- 
tissue1 = ('/file/grey_matter_template_segment.nii') 
tissue2 = ('/file/white_matter_template_segment.nii') 
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tkpreproc.connect(gunzip, 'out_file', seg, 'data') 
tissue_prob_maps=['/file/grey_matter_template_segment.nii', 




iter_fwhm = pe.Node(interface=niu.IdentityInterface(fields=["fwhm"]), 
                    name="iter_fwhm") 
iter_fwhm.iterables = [('fwhm', [8, 10, 12])] 
isotropic_voxel_smooth = pe.Node(interface=spm.Smooth(), 
                                 name="isotropic_voxel_smooth") 
tkpreproc.connect(seg, 'native_gm_image', isotropic_voxel_smooth, "in_files") 
tkpreproc.connect(iter_fwhm, "fwhm", isotropic_voxel_smooth, "fwhm") 
 
#--output-- 
datasink = pe.Node(nio.DataSink(), name='sinker') 
datasink.inputs.base_directory = '/file/output' 
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